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Under the conditions generally employed for tryptic digestion, the 
enzyme is  more or  less  rapidly inactivated.  It  was  shown  in  the 
preceding paper of this series that if the substrate concentration were 
made so large that it could be considered constant, the rate of reaction 
was controlled solely by the rate of inactivation of the enzyme.  The 
present  paper  is  the  result  of  experiments in  which  the  substrate 
concentration is also changing.  In addition to the heat inactivation 
of the enzyme mentioned above there is an inhibition of its action due 
to the products of the reaction.  In order to reduce this to a minimum, 
it is necessary to work with a large amount of trypsin so that the per 
cent inactivated by the products will be small.  A low concentration 
of  substrate  also  minimizes  this  effect.  These  conditions  can  be 
approximated  by  using  edestin  as  substrate  at  40°C.  and  in  the 
presence  of  a  high  concentration  of  salt.  The  salt  increases  the 
solubility of the protein and at the same time decreases the activity 
of the trypsin and so allows the use of high enzyme concentrations 
without at the same time causing the reaction to proceed too rapidly 
for measurement. 
The Time Course of the Reaction. 
Experimental procedure.--5.0  gin.  of edestin were dissolved in 50 co. 
of ~t/10 phosphate buffer, pH 7.0, made up in 1 ~ NaC1.  The solution 
was filtered at 70°C., cooled to 40  °, and 10 co. of 10 per cent Fairchild's 
trypsin added.  5 co. samples were pipetted into 15 co. of 7.5 per cent 
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trichloroacefic acid.  The precipitate was  removed by centrifuging, 
washed in trichloroacetic and dissolved in alkali and made up to 20 cc. 
Kjeldahl determinations were made on 5  cc.  of this solution.  1 cc. 
samples were also removed into  10 cc. of cold water and the trypsin 
determination  1 made on 0.2 cc. of this solution. 
The result of such an experiment is shown in Fig.  1.  The initial 
trypsin concentration (for convenience in plotting) has been made to 
coincide with the initial N  value by calculating the trypsin to 021 cc. 
The  experiment shows  that  the rate  of hydrolysis of the edestin 
decreases very rapidly, much more so than would be expected from 
the simple monomolecular formula.  The trypsin is also being rapidly 
inactivated and it is evident that no formula would hold even approxi- 
mately which assumed  the  enzyme to  be  constant  throughout  the 
course of the experiment.  It would be necessary to insert into  the 
equation  the amount of enzyme present at the time interval under 
consideration.  This can be done by calculating the monomolecular 
constant for short time intervals and inserting the value of E  found 
experimentally  for  the  same  time  interval.  This  method  is  an 
approximation only since the value of E  is not really constant even 
over short  time intervals,  and  also  because  the  amount of trypsin 
found is larger  than  the active trypsin present in  the solution  and 
combined with the products of the reaction.  This trypsin is inactive 
in the original solution but active in the determination owing to the 
dissociation of the compound by dilution. 2 
Table I  contains a  summary of the results obtained in  this way. 
Column 2 is the monomolecular constant for the reaction calculated 
from "point to point."  This calculation corrects for the change in 
the substrate concentration and if there were no other variable,  the 
resulting values should be constant.  The table shows, however, that 
the values are decreasing very rapidly.  If the theory is correct, this 
decrease must be due to the decrease in the amount of enzyme present 
so that if the value of the "constant" is divided by the concentration 
of  trypsin  present  at  the  corresponding  time  the  resulting  figures 
~hould be constant.  This is the case as is shown in the last column. 
t Northrop, J. H., and Hussey, R. G., J. Gen. Physiol., 1922-23, v, 353. 
Northrop, J. H., ]. Gen. Physiol.,  1921-22, iv, 245. JOHN  H. NORTHROP  441 
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There is still a slight drop due to the inhibiting effect of the products 
which has not been taken into account.  The apparently anomalous 
results of the experiment, therefore, are simply due to the fact that 
the  enzyme  concentration  is  constantly  diminishing  during  the 
reaction.  The  enzyme  concentration  should  appear,  therefore,  in 
the original equation, not as a  constant,  but as a  function of time. 
In the absence of disturbing factors this reaction is also monomolec- 
ular.  a  In this  experiment, however, it  is  only  approximately true, 
owing again to the fact that some of the enzyme is combined with the 
products  of the reaction and  so  protected from inactivation.  The 
TABLE  I. 
*lvlme. 
]In. 
0 
0.5 
1.0 
2.0 
3.0 
4.0 
6.0 
k ~ 1~ log ~ 
Ts -- Tt 
0.057 
0.044 
0.034 
0.027 
0.019 
0.015 
Et = ETt +  ET2 
2 
1.09 
0.90 
0.76 
0.57 
0.45 
0.39 
k  k'-- ~-j 
0.052 
0.049 
0.045 
0.~7 
0.042 
0.039 
monomolecnlar constants  for  the  enzyme decomposition,  therefore, 
decrease as shown in Table II.  For the first 3 hours, however, the 
value is  fairly constant.  If it  is  assumed  that  the  enzyme is  de- 
composing monomolecularly, the necessary relation between the time 
and the amount of enzyme is furnished and the entire course of the 
reaction  can  be  formulated.  This  case  had  been  considered  by 
Tanunann  4 whose experiments were also complicated by the effects of 
the products of the reaction. 
8 Northrop, J. H., J. Gen. Physiol., 1921-22, iv, 261. 
4 Tammann, G., Z. physiol. Chem., 1895, xviii, 426. JOHN H. NORTHROP  443 
Under  these  conditions  the  equation  becomes 
dx 
-  K  (A -  x) ~, 
dt 
in which A  -  x is the substrate concentration at the time, t, and Et 
is  the enzyme concentration at  the time, t, instead of a  constant as 
would be the case for a  simple catalytic reaction.  If it  is  assumed 
further  as  a  first  approximation  that  the  enzyme  is  decomposing 
monomoleculafly, then the  enzyme  concentration  at  any  time will 
be E,  =  Eoe  -st  ,  Eo  being  the  enzyme concentration at 0  time, K, 
the constant of inactivation  of the  enzyme~ and  e,  the base  of the 
TABLE  II. 
E~  1.2 
I  Eo  Time.  K  ~  y  log 
hT$. 
0.5 
1.0 
2.0 
3.0 
4.0 
6.0 
0.158 
0.165 
0.150 
0.130 
[o.1141 
[o.0851 
Average K  ...........................................  =  0.15 
natural  logarithm.  The  equation  for  the  rate  of hydrolysis of  the 
edestin, therefore, is 
dx 
--  k,  (.4  -  x)  Eoe  -  Kt 
dt 
which on integration becomes (using logs to base 10) 
Kl°g(~-~)  (1) 
k,  --  Eo (10 -Kt  -  1) 
K  in the equation is the constant of inactivation of the enzyme shown 
in Table II.  It is therefore determined by an independent experiment 
and is not simply an arbitrary constant.  The values for the reaction 
constant kt are given in Table III.  They are as satisfactory as could 444  KINETICS  OF  TI~YPSIN  DIGESTION.  IV 
be  expected  when  the  approximate  nature  of  the  assumptions  on 
which the equation is based are taken into account.  The disturbing 
factor is the decomposition of the enzyme which does not follow the 
simple  monomolecular  reaction  rate  as  assumed  in  deriving  this 
equation.  These irregularities can be accounted for as has been shown 
but cannot be taken into account mathematically in any simple way. 
Fig.  2  and  Table  IV  show  the  results  of a  similar  experiment  in 
which,  however,  the  pH  was  9.5.  Trypsin  is  much  more  rapidly 
inactivated  at this pH as is shown by the fact that  the value of Kd 
is now 1.4 instead of 0.15.  The reaction therefore comes to a standstill 
very much more quicklythan in the first experiment. 
There  are  several  conclusions  to  be  derived  from  this  equation 
which  at  first  sight  are  surprising.  For  instance  if  t  is  taken  as 
infinity,  equation  (1) becomes 
k 
x  1  10 -~ E 
A 
In  order  to  make  the  reaction  complete,  therefore,  it  would  be 
necessary  to  have  an  infinite  enzyme  concentration  for  an  infinite 
time,  even neglecting any reverse reaction.  It would seem that this 
conclusion would hold even though the relation of the enzyme to the 
time  is  not  accurately  expressed  by  the  monomolecular  formula. 
This  was pointed out by Tammann. 
If x  is considered negligible to A  so that  the  term A  -  x  can be 
considered  a  constant  over the period  of the  reaction,  the  equation 
can be reduced  to the form 
1  B 
C  =  ~ log (B -- y) 
which is again monomolecular but with respect to the enzyme and not 
to the substrate since C is the inactivation constant of the enzyme and 
B  the total amount of substrate decomposed and not the total amount 
present.  This equation can be experimentally verified as was shown 
in  the  preceding  paper. 5  If  the  substrate  concentration  is  kept 
constant  but  the  initial  enzyme  varied,  there  is no  simple  relation 
between either the amount of hydrolysis at a  given time or the time 
Northrop, J. H., J. Gen. Physiol., 1923-24, vi, 429. Value of k, 
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K 
_  log__ 
Eo 
K  =  0,15 
E  =  1.2 
A  =  1.19 
TABLE  III. 
A--x 
A 
(I0  "Kt-  1) 
K 
-  0.125 
E~ 
445 
Time  kr 
]~f'S. 
0.5 
1.0 
2.0 
3.0 
4.0 
6.0 
O. 187 
O. 172 
0.17 
O. 175 
O. 173 
O. 182 
TABLE  IV. 
Hydrolysis of Edestin at 40°C.  pH 9.5.  ~/i0 Na,2C03,  1 M NaCl. 
K  1,  E  o  kr = ~o  Time.  A--x  kffi~ l°gA~-  :  ~'~  EtfE--TI+2  ET2 k'ffi-~  df~'log~  A--z__ 
log ,  _A 
........  (,10 ~'-- I) 
hrs. 
0  4.60 
0.70  3.6  0.19 
0.10  3.92  1.46  0.15 
0.37  2.55  I 0.145 
0.20  3.6  1.40  0.13 
3.33  0.34  1.9  io18l 
0.30  1.39  0.12 
0.24  1.4  [0.17[ 
0.40  3.15  1.38  0.12 
0.20  1.05  ] 0.19  [ 
0.50  3.02  I  1.34  0.12 
o,~  o~2  io,~r  F  1  0.60  2.92  I  1.30  0.12  o  o  oo,:, 
o o~  o~o  to,o I L~oJ  1.6o  [2.40  I  0.16 
Average ........................................ 446  KINETICS  OF  TRYPSIN  DIGESTION,  IV 
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required  to  form  a  given  amount  of hydrolysis.  This is  due  to  the 
fact that  the rate of the reaction is a  function of both time and of x. 
It has been frequently pointed out that in comparing the two reactions 
it is necessary to make the comparison over corresponding parts of the 
curve.  Osterhout  e and  others  recommended  that  the  time  required 
to cause a  certain  effect is a  better measure than  the effect produced 
after  a  certain  time.  This  is probably  usually true  but  there  is  no 
reason  to  predict  a  priori  that  one  method  will  be  better  than  the 
other.  If the rate of the reaction is decreasing as a  function of time 
then the comparison should be made at equal times.  If it is decreasing 
as a function of the extent of the reaction then the comparison should 
be made  at  corresponding  stages of the  reaction.  Failure  to give a 
simple ratio by either method, however, does not prove that the reac- 
tion is contrary to any simple mass action formula, as is shown above. 
Effect of Varying the Initial Substrate  Concentration, 
Equation  (1)  predicts  that  if the substrate  concentration  is varied 
the  amount  decomposed  at  any  time  will  be  in  proportion  to  the 
original concentration.  There will be no simple relation between the 
times  required  to  cause  any  given  amount  of  hydrolysis  and  the 
initial  concentration. 
The result of an experiment with different edestin concentrations is 
shown  in  Fig.  3  and  Table  V.  The  amounts  hydrolyzed  are  in 
proportion  to  the  original  concentrations  as  predicted  above.  The 
reaction  is  therefore perfectly normal  as  far as  the  concentration  of 
edestin is concerned.  The  time  course of this reaction is fairly well 
represented  by equation  (1)  also. 
The Effect of Varying the Enzyme Concentration. 
The digestion of an edestin solution with varying amounts of trypsin 
is  shown  in  Fig.  4  and  the  corresponding  enzyme  concentration  in 
Fig.  5.  It is noticeable at once that  the concentrated  enzyme solu- 
tions are being much more rapidly inactivated than  the dilute.  This 
is  the  result  of  the  protective  action  of  the  products  of hydrolysis 
which would be more marked  with  a  small  amount  of enzyme than 
60sterhout,  W. J. V., Science, 1918, xlviii, 172. 448  KINETICS  OF  TRYPSIN  DIGESTION.  IV 
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with  a  large  amount  as  is  seen  to  be  the  case.  That  is,  with  the 
smaller amounts  of enzyme the  effect of the products  cannot be ne- 
glected  as was done in  the  otl~er experiments.  The  approx4mations 
used before, therefore, will not hold and equation  (1)  cannot be used. 
TABLE  V. 
Amount of Edesgn Hydrolyzed at Different Times with Varying Initial Concentra- 
tions of Edestin and Constant Trypsin.  Edestin ttydrolyzed as Co. };/50 N. 
Initial edestin Concentration  in per cent. 
Time. 
0.62  1.25  :  2.5  5.0 
]~'$. 
0.5 
1.0 
2.0 
4.0 
8.0 
20.0 
0.15 
0.22 
0.28 
0.37 
0.50 
0.70 
0.30 
0.43 
0.59 
0.75 
0.95 
1.15 
0.60 
0.80 
1.05 
1.35 
1.45 
2.00 
1.30 
1.60 
2.00 
2.40 
2.80 
3.75 
Value of k = 
TABLE VL 
1  AI 
log  with Val~g  values of E.  (T~ -  T,) (/~1 +  ~) 
Relative amount of g  at beginning. 
Time. 
1  2  4  8 
hrS. 
0  -0.1 
0.1-0.2 
0.2-0.3 
0.3-0.4 
0.4-0.6 
0.6-0.8 
0.8-1.0 
1.0-1.2 
1.2-1.5 
1.5-2.0 
0.00125 
0.0013 
0.0013 
0.00125 
0.00138 
0.0014 
O. 00145 
0.0015 
0.0015 
0.0014 
0.0013 
0.0013 
0.0011 
0.0016 
0.00126 
0.00123 
0.00137 
0.00127 
0.00138 
0.00104 
0.0013 
0.0008 
0.0011 
0.0011 
0.0008 
0.00108 
0.0007 
0.0010 
0. 0011 
0.0010 
0.0013 
0.0007 
0.0007 
0.0008 
0.00065 
0.0007 
0.0006 
o. 00065 
0.00057 
0.OOO74 
It  is  only  possible  to  correct  the  observed  rate  by  the  amount  of 
enzyme found  experimentally at  the  corresponding  times.  This has 
been done in Table VI.  The table shows that the  anomalous results 
are due to this destruction  of the enzyme and not  to any peculiarity 450  KINETICS  OF  TRYPSIN  DIGESTION.  IV 
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of the reaction itself as the result of the edestin analyses alone would 
indicate.  The figures for the trypsin concentration again contain the 
amount combined with the products of hydrolysis and this effect causes 
the drop in the constant as the trypsin concentration increases. 
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Fzo. 5.  Inactivation of trypsin during reaction plotted in Fig. 4. 
SUMMARY. 
~i The rate of hydrolysis of edestin by trypsin at 40  ° and in the presence 
of 1 ~  NaC1 has been studied.  Under these conditions the enzyme is 
rapidly inactivated and the equation for the reaction may be written 
1  AI 
k  ffi  (T~  --  T~) E,l°g 452  KINETICS  OF  TRYPSIN  DIGESTION.  IV 
in which  Et is the concentration of enzyme during the interval (T1- T2). 
This equation has  been  tested by determining the enzyme concen- 
tration at various times during the reaction and substituting  these 
values in the above equation.  The experimental results agree with 
this formula when the initial  enzyme or edestin concentrations are 
varied.  No  anomalous results  of  varying substrate  concentrations 
are apparent. 
It can further be assumed as a first approximation that the enzyme 
is decomposing monomolecularly  and the equation can then be written 
~X 
Klog A ~- 
k= 
Eo (1 -  10  -x*) 
This  equation is  also  satisfactory provided high  enzyme concen- 
txations and low edestin concentrations are used.  With high concen- 
trations of edesfin and low trypsin the effects of the products of the 
reaction on  the  enzyme become too large to  be  neglected and  the 
formula no longer holds. 
Most of the experimental work of this series of papers was done by 
Mr. Frank F. Johnston. 